M L ≥ 3 earthquakes (M L = local magnitude) that occurred in the Taipei Metropolitan Area (TMA) from 1973 -2013 are selected to study the dominant seismicity period of this area. The epicentral distribution and temporal sequences of earthquake magnitudes are simply described. These earthquakes can be divided into two groups: one for events shallower than 40 km and one for events deeper than 60 km. Shallow earthquakes are located mainly in the 0 -10 km depth range north of 25. 
INTRODUCTION
Taiwan is situated along the collision boundary between the Philippine Sea plate and the Eurasian plate (Tsai et al. 1977; Wu 1978; Lin 2002) . The former moves northwestward with a converging speed about 8 cm year -1 (Yu et al. 1997) . The Philippine Sea plate has subducted underneath the Eurasian plate in northern Taiwan, where the Taipei Metropolitan Area (TMA) (see Fig. 1 ) is located. This collision causes high seismicity in the Taiwan region (Wang et al. 1983; Wang 1998; Wang and Shin 1998) . The TMA is the political, economic and cultural center of Taiwan. Hence, seismic hazard mitigation around the TMA has drawn a lot of attention. For this reason, in-depth investigation of seismicity in the TMA is a high priority. Detailed descriptions of the TMA geology can be found in several previously published articles (e.g., Wang and Lin 1987; Chang et al. 1998; Teng et al. 2001; Wang et al. 2006 ) and will not be given here.
From 1972 -1991 the Taiwan Telemetered Seismographic Network (TTSN), sponsored by the National Science Council (NSC), was operated by the Institute of Earth Sciences (IES), Academia Sinica to monitor earthquakes in Taiwan. This network consists of 24 stations, each equipped with a vertical high-gain analog velocity seismometer. Duration magnitude was used by the TTSN to determine the magnitude of earthquakes. Wang (1989a) described this network in detail. Since 1991 the Central Weather Bureau (CWB) has upgraded the old seismic network by adding many new stations. This new network is named the CWB Seismic Network (CWBSN). In 1992 the TTSN was merged into the CWBSN. The earthquake magnitude catalogue has been unified into the local magnitude. A detailed description of the CWBSN can be found in Shin (1992) and Shin and Chang (2005) . At present the CWBSN is composed of 72 stations, each equipped with three-component digital velocity seismometers. Seismograms are recorded in both high-and low-gain forms. This network provides high-quality digital earthquake data to the seismological community.
Although seismicity in the TMA is relatively lower than other areas in Taiwan, numerous earthquakes have occurred in or near the TMA (Hsu 1961 (Hsu , 1971 Wang 1998; Wang et al. 2006; Chen et al. 2010 Chen et al. , 2014 . During the Emperor Kanshi period of the Chin Dynasty, an event might have occurred in this area in April or May 1694, resulting in an earthquake-induced lake and the destruction of aboriginal houses (Hsu 1983a, b) . From historical documents describing the damage, the magnitude of this event was estimated to be 7 by Hsu (1983b) and Tsai (1985) . A detailed description concerning historical earthquakes can be found in Wang et al. (2006 Wang et al. ( , 2012a Wang et al. ( , b, 2014 . On 15 April 1909, an M 7.3 earthquake took place at 80-km depth beneath the area, causing 9 deaths, 51 injuries, 122 collapsed houses, and 1054 damaged houses (Hsu 1961) . Lin (2005) stressed that seismicity underneath the Taipei Basin, which was usually low, began to increase slightly during the construction period but rose sharply upon the completion of Taipei 101. Three felt earthquakes astonishingly occurred beneath the completed building. Of course, there are debates about induced earthquakes from the load of this building. From the seismicity pattern and focal mechanisms of the three felt events, Chen et al. (2010) suggested the existence of a blind normal fault, whose surface projection is along the river channel in the middle of the basin.
A few previous studies for the seismicity beneath the TMA (e.g., Tsai et al. 1977; Wu 1978; Wang et al. 1983; Wang and Shin 1998; Lin 2002; Wang et al. 2006 Wang et al. , 2012a Wang et al. , b, 2014 revealed that there are shallow (0 -40 km) earthquakes in the crust and deep (> 60 km) ones in the Wadati-Benioff subduction zone. Tsai et al. (1974) found that micro-earthquakes occurred mainly in the southern zone of the Tatun Volcano Group (TVG) where the larger events showed typically normal faulting. The epicentral distributions given by Wang et al. (1983) and Kim et al. (2005) both show lower seismcity in the TMA than other areas in northern Taiwan. Wang (1988) evaluated a higher b-value in northern Taiwan than in others. Kim et al. (2005) also obtained a high b-value in the TVG. Wang et al. (1994) observed that except for the earthquakes in the subduction zone, the events occurring in northern Taiwan are usually shallow. Kim et al. (2005) also obtained similar results for M > 2 events occurred during 1973 -2003. They also found three M ≥ 2.8 normal-faulting events below the TVG. Chen and Yeh (1991) observed that most of micro-earthquakes (0.2 ≤ M < 3.0) in the TVG were located at depths shallower than 10 km and showed normal faulting. Lin et al. (2005) found that the earthquakes underneath the TVG are located mainly at the 2 -4 km depth range. Konstantinou et al. (2007) observed that all M < 2.8 events have a focal depth less than 6 km. Hence, in the TVG high b-value, shallow focal depth, and normal faulting may suggest high-temperature related volcanic activities. Based on the concept proposed by Scholz (1990) , these studies imply that the seismogenic zone below the TVG would Seismic risk mitigation knowledge learned from the TMA can be applied to other urban areas in Taiwan and also other seismically active regions around the world. However, previous studies on TMA seismicity are not sufficient for the purpose of mitigating seismic risks. Thus, more comprehensive TMA seismicity studies must be done. One of the most significant studies is exploration of the dominant periods in an earthquake time sequence. Although Fourier analysis is commonly applied to evaluate the dominant periods (or frequency) of a time series, it cannot provide the temporal variations in the dominant periods. The wavelet transform, however, can be used to analyze time series that contain non-stationary power at many different frequencies (Daubechies 1990) . In this study wavelet analysis (Combes et al. 1989; Pyrak-Nolte and Nolte 1995) , also known as multi-resolution analysis, is taken into account. For this technique a series of scaled and delayed oscillatory functions are used to decompose a time-varying signal into its non-stationary spectral components. Hence, the key advantage of wavelet analysis over traditional Fourier analysis is that the wavelet analysis provides information on how the spectral content varies with time delay. Wavelets are also advantageous over so-called windowed Fourier methods because with wavelets the relative accuracy of the delay and frequency remain constants cover all of the delay-frequency parameter space. Wavelet analysis application to geophysical problems can be seen in Torrence and Compo (1998) . Here, a non-orthonormal Morlet wavelet analysis (Morlet et al. 1982) was considered.
This work will focus on evaluating the dominant temporal variation periods in numbers of monthly earthquakes at two depth ranges (the shallow events with focal depths < 40 km and deep ones with focal depths > 60 km) for three magnitude ranges, i.e., M ≥ 3, 4, and 5, occurred in the TMA from 1 January 1973 to 30 June 2013.
DATA
From shallow earthquakes occurring in the TMA from 1973 -1984 , Wang (1988 (1) the ability of detecting earthquakes with M < 3 is lower for deep events than shallow ones; and (2) based on seismic risk mitigation, M ≥ 3 earthquakes must be more significant than M < 3 events, because damage caused by M < 3 events is usually very rare.
The earthquake data were retrieved directly from the CWB's data base. The duration magnitude, M D , was used before 1991; since then the local magnitude, M L , has been used. It is necessary to have a unified magnitude scale for the two time periods. The maximum location uncertainties are about 2 km horizontally and 5 km vertically from ERH and ERZ of hypo output. The location uncertainty essentially increases with depth. Shin (1993) 
Spatial Distributions of Earthquakes
The epicenters of the selected earthquakes are plotted in Fig. 1 : open circles are shown for shallow (0 -40 km) earthquakes and solid circles for deep (> 60 km) events as defined by Wang et al. (2006) . Because the location uncertainty is smaller than 5 km, the existence of the two groups of events is reliable. Figure 1 shows that deeper earthquakes are located mainly to the east of 121°30'E as pointed out by Tsai et al. (1977) , who assumed that the longitude of 120°30'E is the western edge of the northwest dipping subduction zone. Shallow earthquakes have focal depths mainly in the 0 -10 km range north of 25.1°N and down to 40 km south of 25.1°N. Wang (1989b) and Wang et al. (2006 Wang et al. ( , 2012a Wang et al. ( , b, 2014 also found that in the eastern part of the TMA the earthquakes are located down to a depth of 40 km. The shallow events to the north of 25.1°N are located mainly at the TVG. Wang et al. (1994 Wang et al. ( , 2006 observed that except for the earthquakes in the subduction zone, the events occurring in northern Taiwan are usually shallow. Kim et al. (2005) also obtained similar results. Figure 2 shows the depth distribution of a number of events in a 5-km range along a selected longitude, because the focal depth error is up to 5 km. These events are divided into two groups. The upper group is in the crust with the largest magnitude of 6.0 occurred on 3 July 1988 and the lower one in the Wadati-Benioff subduction zone. The number of events is much larger for deep earthquakes than for shallow ones. The focal depths of deep events increase from south to north, as they are located in the subduction zone, whose dip angle is about 70° to the north from the pattern of events. Wang and Shin (1998) observed that the subduction zone has an average dip angle of 57° above 120 km and 72° below. Therefore, the subduction zone is concave downward. Since the events in use were located only in a section of the subduction zone just underneath the TMA, such a phenomenon is not displayed here. The number of shallow earthquakes has a peak in the depth ranges from 0 -5 km and then decreases with depth, while there are several peaks, with the largest one in the depth ranges from 85 -90 km, around for deep events. The physics that cause the depth distribution frequency of earthquakes can be found in Wang et al. (2006) . Figure 3 shows the earthquake magnitude time series: (a) for shallow and (b) for deep events. The shortest interoccurrence times are less than 1 day for both shallow and deep earthquakes; while the longest inter-occurrence times are 922.4 and 183.7 days, respectively, for shallow and deep events. It is obvious that after 1988 only three M > 4 shallow events were located in the TMA. Deep events occurred more or less uniformly in the entire study time period. The two time sequences, especially for shallow events, are somewhat different from those in Wang et al. (2012a Wang et al. ( , b, 2014 . The main difference is the fact that the frequency before 1986 was lower in this study than theirs. This is due to the use of different M D and M L conversion formulae between this study and theirs. They used the conversion formula made by Yeh and Hsu (1985) , which will over-estimate M L from M D for small events. Hence, there were more events with M L ≥ 3 in their studies.
Depth Frequency of Earthquakes

Temporal Variation in Earthquake Magnitudes
MORLET WAVELET ANALYSIS
Assume that there is a time series, x i , with an equal time spacing δt and n = 0, …, N -1 and ψ(t) is a wavelet function of time t. To be "admissible" as a wavelet, ψ(t) must have zero mean and be localized in both time and frequency space (Farge 1992 ). An example is the Morlet wavelet, named after Jean Morlet, originally formulated by Goupillaud, Grossmann and Morlet in 1984 (Goupillaud et al. 1984) . The main function g(t) is composed of a harmonic wave as a constant k c subtracted from a plane wave, modulated by a Gaussian envelope. A detailed description of this technique can be found in Torrence and Compo (1998) .
The wavelet is written as:
where ). Pyrak-Nolte and Nolte (1995) reported ω = 2π/T 0 where T 0 is the (characteristic) period of oscillations. In order to avoid some problems caused by small ω, ω > 5 is usually taken into account. Farge (1992) took ω to be 6 to satisfy the admissibility condition. As ω = 6, T 0 = ~1 sec. As ω >> 1, Eq. (1) can be written as
The continuous wavelet transform of a discrete sequence x i is defined as the convolution of x i with a scaled and translated version of ψ(t):
where the (*) indicates the complex conjugate, δt is the time shift, and s is the wavelet scale. By varying the wavelet scale s and translating along the localized time index n, a picture can be constructed to show both the amplitude of any features versus the scale and how this amplitude varies with time. Although it is possible to calculate the wavelet transform using Eq. (3), it is considerably faster to perform the calculations in Fourier space. Because the wavelet function ψ(t) is usually complex the wavelet transform W n (s) is also complex. The transform can then be divided into the real part R[W n (s)] and the imaginary part I[W n (s)]. Hence, the amplitude and phase are, respectively, |W n (s)| and θ = tan -1 {R[W n (s)]/I[W n (s)]}. Finally, one can define the wavelet power spectrum as |W n (s)| 2 . Let the discrete Fourier transform (DFT) of x i be χ i :
In the continuous limit the Fourier transform of a function ψ(t/s) is given by F[ψ(sω)]. Using the convolution theorem the wavelet transform is the inverse Fourier transform of the product:
To ensure that the wavelet transforms, i.e., Eq, (5), at each scale s are directly comparable to each other and to the transforms of other time series, the wavelet function at each scale s is normalized to have unit energy:
where ʃ|F[ψ o (ω)]| 2 dω = 1, that is, the function has been normalized to have unit energy.
Using the normalization in Eq. (6) and referring to Eq. (5), the expectation value for |W n (s)| 2 is equal to N times the expectation value for |χ k | 2 . For a white-noise time series this expectation value is σ 2 /N, where σ 2 is the variance. Thus, for a white-noise process the expectation value for the wavelet transform is |W n (s)| 2 = σ 2 at all n and s. It is necessary to explain the significance levels of the calculated values. The null hypothesis is defined as follows: it is assumed that the time series has a mean power spectrum; when a peak in the wavelet power spectrum is significantly above this background spectrum, then it can be considered to be a true feature with a certain percentage of confidence. The 95% confidence level implies a test against a certain background level, while the 95% confidence interval refers to the range of confidence about a given value. The normalized Fourier power spectrum is given by N|χ k | 2 /2σ 2 , where N is the number of data points, χ k is from Eq. (4), and σ 2 is the variance of the time series.
If x n is a normally distributed random variable, then both the real and imaginary parts of χ k are normally distributed (Chatfield 1989) . Since the square of a normally distributed variable is chi-square distributed with one degree of freedom (DOF), then |χ k | 2 is chi-square distributed with two DOFs, denoted by χ 2 2 (Jenkins and Watts 1968) . To determine the 95% confidence level (significant at 5%), one multiplies the background spectrum by the 95 th percentile value for χ 2 2 (Gilman et al. 1963 ). The 95% Fourier confidence spectrum will be displayed by a dashed curve below. Note that only a few periods will have power above the 95% line. In order to meet the equal time interval requirement we consider the number of events occurring in a month to represent the degree of earthquake occurrences. Hence, the dominant periods of time sequence of number of monthly events are evaluated using the Morlet wavelet analysis in the following.
RESULTS
The results are displayed in Figs In panel (b) the logarithmic values of wavelet power spectrum for different periods (in month) at a certain time span are displayed using distinct colors (from dark red to dark blue). The thick contour is the 95% confidence level using a white-noise background spectrum. The black net region is the cone of influence, where zero padding has reduced the variance. The wavelet power spectrum values inside the net have high uncertainties and thus cannot be taken into account. In each panel (b), the local maximums and local minimums are colored, respectively, by dark red and dark blue. The period related to the local maximum is the local dominant period in a time span. In order to examine the dominant local maximum and related dominant period it is necessary to calculate the average wavelet power spectra from panel (b) over time at a certain period. This average is named the global wavelet spectrum. The results are demonstrated in panel (c), where the solid line represents the global wavelet spectrum and the dashed line denotes the 95% confidence level using a white-noise background spectrum. Figure 4a shows the time sequence for the number of monthly events for M L ≥ 3 shallow earthquakes. There were several large spikes in the time period before 1990. This means that seismicity was higher before 1990 than after 1990 as mentioned previously. Figure 5a shows the time sequence for the number of monthly events for M L ≥ 3 deep earthquakes. Except for a spike in 1978, the monthly frequency was lower before 1980 than after 1980. This might be due to a smaller number of seismic stations in those times and thus a lower ability to detect small events, especially for deep ones, before 1980 than after 1980 (see Wang 1989a) . After 1980 the seismicity was, on average, uniform, even though the monthly frequency varied with time.
Figures 4b and 5b show the power of the wavelet transform for the monthly events for shallow and deep earthquakes, respectively. The local maximums at several periods in different time spans can be seen. In Figs. 4c and 5c, at certain periods the solid line is close to and to the right of the dashed line. This means that the global wavelet spectrum in this range is significant. At low periods, the global wavelet spectrum peak value is lower than 95% confidence level and thus not taken to be the dominant period. The solid The thick contour is the 95% confidence level, using a white-noise background spectrum. The black net is described in the text; and (c) for the average, or the global wavelet spectrum, of (b) over all longitudes. The dashed line is the 95% confidence level for the global wavelet spectrum, using a white-noise background spectrum. The thick contour is the 95% confidence level, using a white-noise background spectrum. The black net is described in the text; and (c) for the average, or the global wavelet spectrum, of (b) over all longitudes. The dashed line is the 95% confidence level for the global wavelet spectrum, using a white-noise background spectrum.
(a) (b) (c) Fig. 6 . (a) Time sequence for the number of monthly shallow events with M L ≥ 43; (b) for wavelet power spectrum. The thick contour is the 95% confidence level, using a white-noise background spectrum. The black net is described in the text; and (c) for the average, or the global wavelet spectrum, of (b) over all longitudes. The dashed line is the 95% confidence level for the global wavelet spectrum, using a white-noise background spectrum. The thick contour is the 95% confidence level, using a white-noise background spectrum. The black net is described in the text; and (c) for the average, or the global wavelet spectrum, of (b) over all longitudes. The dashed line is the 95% confidence level for the global wavelet spectrum, using a white-noise background spectrum.
(a) (b) (c) Fig. 8. (a) Time sequence for the number of monthly shallow events with M L ≥ 5; (b) for wavelet power spectrum. The thick contour is the 95% confidence level, using a white-noise background spectrum. The black net is described in the text; and (c) for the average, or the global wavelet spectrum, of (b) over all longitudes. The dashed line is the 95% confidence level for the global wavelet spectrum, using a white-noise background spectrum.
line is then close to and to the right of the dashed line. The global wavelet spectrum values abruptly increase at large periods around 32 months in Fig. 4c and around 256 months in Fig. 5c . The solid line is to the right of the dashed line in a large range of periods. Four relative maximum peaks above the 95% confidence level can be observed at 15.4, 30.8, 66.1, and 132 .2 months in Fig. 4c and three relative maximum peaks at 16.5, 141.7, and 264.5 months in Fig. 5c . In Fig. 5c , a global wavelet spectrum peak at 264.5 months cannot be considered to be the dominant period because the spectra are inside the "black net." Figure 6a shows the time sequence of number of monthly events for M L ≥ 4 shallow earthquakes. The monthly frequency varied between 0 -1. The number of line segments was larger before 1990 than after 1990. This means that seismicity was higher before 1990 than after 1990 as mentioned previously. Figure 7a shows the time sequence for the number of monthly events for M L ≥ 4 deep earthquakes. Statistically, the monthly frequency was more or less uniform in the whole study period.
Figures 6b and 7b show the local maximums at several periods in different time spans. Figure 6c shows that although at two low periods the solid line is close to the dashed line, it is still to the left of the dashed line. This means that the global wavelet spectra at the two periods are less significant. When at the period of 30.8 months, the peak global wavelet spectrum value is higher than 95% confidence level and thus this period is taken to be the dominant period. Figure 7c shows that although at a few low periods the solid line is close to the dashed line, it is still to the left of the dashed line. This means that the global wavelet spectra at those periods are less significant. When at the 141.7 month period the peak value of the global wavelet spectrum is higher than 95% confidence level and thus this period taken to be the dominant period. Figure 8a shows the time sequence of number of monthly events for M L ≥ 5 shallow earthquakes. Essentially, there were only two spikes in the time interval from 1988 -1990 . Hence, the wavelet power spectra of the time sequence as shown in Fig. 8b is quite abnormal. Although at two periods (3.6 and 7.2 months) in Fig. 8c the solid line is to the right of the dashed line, the two periods cannot be considered to be the dominant periods because of a small number of data of the time sequence in a very short time span from 1988 -1990 . Figure 9a shows the time sequence for the number of monthly events for M L ≥ 5 deep earthquakes. Obviously, there were several spikes with non-equal time intervals. Figure 9b shows local maximums at several periods in different time spans. Figure 9c shows that in a small range at The thick contour is the 95% confidence level, using a white-noise background spectrum. The black net is described in the text; and (c) for the average, or the global wavelet spectrum, of (b) over all longitudes. The dashed line is the 95% confidence level for the global wavelet spectrum, using a white-noise background spectrum.
low periods around 2.9 months the solid line is very close to but not to the right of the dashed line. This means that the global wavelet spectrum in this period range is not significant. Hence the period of 2.9 months cannot be considered to be the dominant period of the time sequence. The dominant period is significant when its peak value is higher than the related 95% confidence level. The period associated with such a peak is taken to be the dominant period. The results are given in Table 1 for shallow and deep earthquakes in three different magnitude ranges.
DISCUSSION AND CONCLUSIONS
The M L ≥ 3 earthquakes that occurred below the TMA from 1973 -2013 can be divided into shallow (< 40 km) and deep (> 60 km) earthquakes, which are located in the crust and subduction zones, respectively. There is an average depth difference of about 20 km between the two groups. The part of the subduction zone related to deep events has a dip angle of about 70°. Shallow earthquakes are located mainly in the 0 -10 km depth rang north of 25.1°N and down to 40 km south of 25.1°N. On the other hand, deep earthquakes are distributed in a wide range from 60 km to more than 200 km, with the peak frequency in the 85 -90 km range.
Figures 6a and 7a show that in some time spans few line segments are close to one another. This suggests the possible existence of repeat events within a short time period. However, the amount of time sequence data is not enough to form a complete cycle to provide a significant dominant period.
The dominant periods obtained from Morlet wavelet analysis are listed in Table 1 for shallow and deep earthquakes in three magnitude ranges: M L ≥ 3, 4, and 5. Because there are only two data in the time sequence for M L ≥ 5, the wavelet power spectrum is too strange to provide significant information to evaluate the dominant period of this sequence. Figure 4c shows that for shallow earthquakes there are peaks in the solid line at four dominant periods, i.e., 15.4, 30.8, 66 .1, and 132.2 months. The latter three dominant periods are almost 2, 4, and 9 times the first one. Figure 5c displays that for deep earthquakes there are only two peaks in the solid line at 16.5 and 141.7 months. The related dominant period is longer for deep earthquakes than shallow ones. Figure 6c shows a peak in the solid line at 30.8 months, which is the second dominant period for M L ≥ 3 earthquakes. It is obvious from Fig. 6a that the peak period at 30.8 months cannot be considered to be the dominant period for the whole time sequence in the time interval from 1973 -1990 . Figure 7c shows a peak in the solid line at 141.7 months, which is the fourth dominant period for M L ≥ 3 earthquakes. The latter is about 9 times the former. Figures 6c and 7c show that at low periods there are a few peaks for shallow earthquakes and two peaks for deep events. The global wavelet spectra are very close to the corresponding dashed lines. Nevertheless, those periods are not taken into account because the global wavelet spectra are still to the left of the corresponding dashed lines.
As mentioned previously the amount of data for M L ≥ 5 shallow earthquakes is quite small, as shown in Fig. 8a . The wavelet power spectrum (Fig. 8b ) and the global wavelet spectrum (Fig. 8c) are not normal. The dominant period cannot be obtained for M L ≥ 5 shallow earthquakes. For M L ≥ 5 deep earthquakes the dominant period cannot be obtained because the solid line is to the left of the dashed line, as displayed in Fig. 9b . Hence, we cannot infer the dominant period for both shallow and deep M L ≥ 5 earthquakes. Table 1 shows that for M L ≥ 3 time sequences, the dominant period is slightly longer for deep earthquakes than for shallow events. This means that the repeat time for high seismicity shallow earthquakes is slightly shorter than that for deep events. For M L ≥ 4 time sequences the dominant period is longer for deep earthquakes than for shallow events. Because the number of events is larger for deep earthquakes than shallow events, the reasons for the previous observation are still open. 
